The ability of spintronic devices to utilize an electric current for manipulating the magnetization has resulted in large-scale developments, such as, magnetic random access memories and boosted the spintronic research area. In this regard, over the last decade, magnetization manipulation using spin-orbit torque has been devoted a lot of research attention as it shows a great promise for future ultrafast and power efficient magnetic memories. In this review, we summarize the latest advancements in spin-orbit torque research and highlight some of the technical challenges for practical spin-orbit torque devices. We will first introduce the basic concepts and highlight the latest material choices for spin-orbit torque devices. Then, we will summarize the important advancements in the study of magnetization switching dynamics using spin-orbit torque, which are important from scientific as well as technological aspect. The final major section focuses on the concept of external assist field free spin-orbit torque switching which is a requirement for practical spin-orbit torque devices.
I. Introduction
In conventional electronics, only the charge degree of freedom of an election is utilized to construct devices. The electron also possesses a spin angular momentum which is closely associated with its magnetic moment. The field of spintronics, or spin-based electronics, exploits both charge and spin degrees of freedom of electrons to provide additional functionalities to conventional electronic devices such as non-volatility and reduced power consumption. While one of the first studies to observe the interaction between a charge current and magnetism dates back to 1857, 1 the growth of spintronics was largely boosted by the discoveries of giant magnetoresistance (GMR) 2, 3 and tunnel magnetoresistance (TMR) [4] [5] [6] , in which the electrical resistance of a material system can vary significantly depending on the orientation of magnetic moments in the ferromagnetic layers. GMR and TMR based magnetic read heads replaced the conventional inductive read heads and led to a large boost in the areal density of hard disk drives. 7 However, it should be noted that the magnetization manipulation in the GMR/TMR read heads was still carried out using an external magnetic field.
Another major application of the spintronics lies in the electrical manipulation of the magnetic moment of a ferromagnet (FM) which became popular with the discovery of spin-transfer torque (STT) 8, 9 , in which a spin-polarized charge current was utilized to change the magnetic orientation of a ferromagnet. The major advantage of such an electrical technique is device scalability and reduced power consumption over conventional magnetic field based devices.
Consequently, STT was used to build magnetic memories such as STT-magnetoresistive random access memory (MRAM). As illustrated in Fig. 1(a) , the basic component of a STT device is the magnetic tunnel junction (MTJ) which consists of an oxide tunnel barrier sandwiched between two ferromagnetic layers. During the device operation, when a charge current is passed through the 4 MTJ, the electrons are spin polarized in one of the FM and are subsequently used to manipulate the magnetic state of the other FM using STT. However, as the charge current tunnels through the insulating oxide barrier, a large write current density can lead to the breakdown of the oxide. 10, 11 Thus, substantial efforts are still being devoted to reduce the amount of the current required for manipulation of the magnetization using STT. Moreover, the magnetic state of the MTJ is sensed using the TMR by passing a smaller read current through the MTJ. As a result of the coupling of the read and write current paths, the read current can lead to accident switching of the magnetic states (read disturbance) 11 . In the recent years, an alternative technique of magnetization manipulation, namely, the spin-orbit torque (SOT) [12] [13] [14] [15] [16] [17] , was discovered to electrically switch a FM which overcomes the afore-mentioned shortcomings of the STT technique. The technique of SOT utilizes the spin-orbit interaction to generate a spin current and possesses added advantages over STT in terms of reduced power consumption 18 and faster device operation 19, 20 . As illustrated in Fig. 1(b) , a typical SOT device is composed of a bilayer consisting of a FM and a non-magnetic material (NM) capped by an oxide. When an in-plane charge current injected into the bilayer, a transverse spin current density at the bilayer interface is generated due to the spin-orbit coupling (SOC) effects at the bulk of the NM and/or the interface of NM/FM. This spin accumulation at the interface exerts the torque on the magnetization of the FM and subsequently has been proven to switch the magnetization of the FM, move domain walls inside the FM, and generate oscillations in an effective manner compared with conventional STT. As shown in Figure 1 (c), the SOT writing scheme can be combined with the TMR based reading scheme to construct a SOT-MRAM cell. The magnetization of the FM1 is controlled by SOT from the in-plane write current, while the magnetic state is sensed by passing a smaller read current through the MTJ. In contrast to the STT-MRAM scheme illustrated in Fig. 1(a) , the read and write current paths are decoupled in the SOT-MRAM in Fig. 1 (c), which allows for better design margins. Furthermore, as the large write current does not flow through the MTJ, the SOT-MRAM scheme allows for a better device stability.
Owing to the aforementioned advantages of the SOT scheme, intense research studies are being carried to better understand the physics of SOT which can be further applied to design ultrafast and power efficient spintronic devices. In this review, we will focus on recent advances in SOT studies and highlight some of the technological aspects and challenges in building practical SOT devices. We first discuss the basic physics of SOT including its origins, torque decomposition, and magnetization switching using SOTs. This is followed by a summary of recent studies on novel material choices for the NM and FM for enhancing the SOT efficiency. We then summarize the recent studies on the SOT switching dynamics, which shed light on detailed microscopic switching mechanisms and provide critical parameters of interest for real applications.
This is followed by a discussion of the recent techniques to eliminate the requirement of an external 6 magnetic field during SOT switching and their practical difficulties. We conclude by summarizing the review and providing future directions for the SOT research.
A. Origins of spin-orbit torque
Although the SOT is attributed to arise due to the spin accumulation at the FM/NM interface, the detailed microscopic origins of the spin current generation are under debate and research. The two main SOC phenomena that are attributed to generate the spin accumulation are spin Hall effect (SHE) and interface Rashba-Edelstein effect.
Spin Hall effect
The phenomenon of SHE exploits the bulk SOC in the NM to convert an unpolarized charge current into a pure spin current. The bulk SOC in the NM arises from either the band structure (intrinsic) and/or addition of high SOC impurities (extrinsic), and gives rise to spin dependent asymmetric scattering of the conduction electrons. This asymmetric scattering leads to deflections of spin-up and spin-down electrons in opposite directions creating a transverse spin current when an unpolarized charge current is injected into the NM. The SHE was theoretically predicted in 1971 by Dyakonov and Perel 21 , revived in 1999 by Hirsch 22 and observed using Kerr microscopy 23 in 2004. Figure 2 (a) illustrates a spin accumulation generated at the FM/NM interface due to the bulk SHE in a NM. Note that the polarization σ of the accumulated spins is orthogonal to directions of both the injected charge current ( C J ) as well the generated spin current 
Interface Rashba-Edelstein effect
The Rashba-Edelstein effect (also called inverse spin galvanic effect 28 ) originates from an interfacial SOC phenomenon 29, 30 that arises in structures with broken inversion symmetry such as NM/FM/Ox in Fig. 1(b) , where an internal electric field, E , is generated along the direction of symmetry breaking (see Fig. 2(b) ). The conduction electrons with momentum, p , moving near this interface with E , experience an effective magnetic field in the direction  Ep . This magnetic field couples to spin magnetic moments of the conduction electrons and polarizes their spin magnetic moment along  Ep . Accordingly, this interfacial SOC (Rashba SOC) is modelled using Fig. 2(b) . Similar to the case of SHE and ISHE, the Rashba-Edelstein effect also has its counterpart referred to the inverse Rashba-Edelstein effect (or spin galvanic effect) 28, 33, 34 , where a non-equilibrium spin accumulation generates a charge current due to interfacial SOC. For a detailed review on the Rashba effect and associated spin-orbit torques, the readers can refer to a recent review by Manchon et al.
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B. Torque decomposition of SOT
Irrespective of the underlying origins of the spin accumulation at the NM/FM interface, the SOT exerted on the magnetization ( m ) of a FM due to this non-equilibrium spin density can be decomposed into two components [36] [37] [38] 
C. SOT induced magnetization switching
The most promising application of SOT is to switch the magnetization state of the FM in a deterministic manner and much faster in comparison with conventional STT scheme. 19, 50 Although the SOT can switch FMs with both perpendicular magnetic anisotropy 14 (PMA, Fig. 3(b) ) and inplane anisotropy 15 (IPA, Fig. 3(c) ), the current MRAM implementations prefer PMA over IPA due to better scalability 51 . Thus, we will predominantly focus on the SOT switching in the PMA structures in this review. Figure 3 Recent studies have also found that the spin current generation efficiency can be enhanced in a metal by oxygen incorporation 56 . For example, oxygen incorporation has been shown to modify the grain structure and substantially enhance the spin current generation efficiency in W(O) 88 . Moreover, as illustrated in Fig depending on the crystal orientation and structure. Further, these AFM materials can also act as a source to provide the assistive magnetic field via. exchange bias for realizing external field free magnetization switching using SOTs as we will discuss in Sec. IV B.
B. Exotic non-magnetic layers
While heavy metals and their alloys have been a standard choice as the NM for SOT generation, exotic materials such as topological insulators (TIs) 45, [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] , transition-metal dichalcogenides (TMDs) [106] [107] [108] [109] [110] or even a two dimensional electron gases (2DEGs) [111] [112] [113] [114] [115] respectively, in a Bi2Se3/Py system 97 . While the appearance of field-like torque in Bi2Se3/Py is expected due to the interfacial nature of the generated spins from TSS, the appearance of dampinglike torque indicates a possible bulk SHE in this system. However, the observed DL τ increases substantially as the temperature decreases ( Fig. 5(a) ), which is not expected from bulk SHE mechanism. Therefore, DL τ was attributed arise from the spin transfer of TSS induced spins 45, 97 .
Furthermore, it is noted that the Rashba effect in the 2DEG of Bi2Se3 could also induce a spin accumulation. However, the experimentally observed sign of the spin polarization was opposite to that from the Rashba effect and was thus concluded to arise from TSS. Subsequently, in a later studies, this large spin current generation efficiency from TIs was used to demonstrate highly efficient SOT induced magnetization switching 96, 98, 116, 117 . Very recently, 2D TMDs are receiving immense research attraction as their thickness can be reduced to as low as a monolayer. In MoS2/Py, the observed SOTs were attributed to arise from the interface 107 . Another interesting result 109, 110 was observed in a layered TMD WTe2, where
SOTs were controlled using crystal symmetry. Moreover, it was shown that WTe2 can exert an out-of-plane (OOP) damping-like torque (see Fig. 5 (c)) which can be utilized to switch a magnet with OOP anisotropy without any assistive magnetic field. Recently, SOTs were also observed in a 2DEG formed at the interface of SrTiO3 (STO) and LaAlO3 (LAO), [111] [112] [113] [114] which is known to possess a strong Rashba SOC. A large spin Hall angle of ~6.3 at room temperature was estimated in the STO/LAO/CoFeB system 113 and it was concluded from temperature dependent analyses in While the above exotic materials possess an extremely large spin current generation efficiency, one of the practical challenges is to grow a FM with PMA on top of these materials. A recent research study has shown that a PMA ferromagnet can be grown on top of a TI by proper material choices 116, 117 . Another practical issue in terms of practical integration of these exotic materials into the existing Si platform is material compatibility. For example, research is needed 18 on the high temperature stability of these exotic materials as the industrial Si processes involve high back end annealing temperatures. have been explored for studying SOTs as they can be grown very thick while retaining their PMA.
C. Ferromagnets and ferromagnetic multilayers
However, for the case of FMs, the strength of SOTs scales inversely with the thickness of a FM.
Hence, there is a tradeoff between the thermal stability and SOT efficiency. Nevertheless, it has been shown in an early study 121 constituents of the RE-TM, the magnetization of the RE-TM ferrimagnet can be varied. As 21 illustrated in Fig. 6(e) , for the case of Co1-xGdx, near the magnetization compensation (x  25 %), the value of saturation magnetization (MS) is reduced drastically 60 . Close to the compensation point, the negative exchange coupling strength is also enhanced. The composition dependence of SOTs in the ferrimagnet CoGd has found that the strength of the SOT effective field and thus, the SOT switching efficiency (Fig. 6(f) ) can be enhanced dramatically near their magnetic compensation. The SOT effective field increases ~9 times and the switching efficiency increases ~6 times near compensation compared to the uncompensated case. Although SOTs scale inversely with the MS, which decreases as we approach compensation, it was observed that the SOTs scale disproportionately and increase much more than the amount of decrease in the saturation magnetization. This significant increase was attributed to the additional torque in ferrimagnet due to the negative exchange coupling which can dramatically enhance the SOT 20, 60 . These ferrimagnets have bulk perpendicular anisotropy, therefore they can be grown very thick for a larger thermal stability. 132 However, as discussed earlier, the SOTs also scale inversely with the thickness of magnets. A recent ferrimagnet thickness dependence of SOT revealed that SOTs can switch even a 30 nm thick GdFeCo 127 . Other than Gd based ferrimagnets, Tb based ferrimagnets, such as CoTb were also explored 126, 128, 129, 133 . A composition dependent SOT study 126 in a Ta/CoTb system revealed that the SOT efficiency increases near magnetic compensation. They also find that the Dzyaloshinskii-Moriya energy increases as the Tb concentration increases. Temperature dependent SOT studies in GdFeCo 130 and CoTb 128 revealed that the damping-like SOT showed a strong temperature dependence and increases near the magnetic compensation temperature, while the field-like SOT does not change much with temperature.
III. SOT switching dynamics
As we discussed in Sec. I C, the initial theories to explain the current induced SOT switching phenomena proposed a macrospin coherent rotation model 16, 52, [134] [135] [136] in which the magnetization of a FM is uniform throughout the switching process. Although the macrospin models could qualitatively explain the SOT switching phenomena including the requirement of assist fields 16, 53 for deterministic switching, the experimentally observed switching current densities 19 were substantially smaller than the predicted switching current densities from the macrospin models. This observation hinted that the SOT switching process proceeds via. domain nucleation and expansion 16, 59, 69, [137] [138] [139] [140] [141] [142] in the switching process. In addition to enhanced understanding of SOT switching physics, the study of switching dynamics provides a better quantitative picture that is necessary for reliable operation of SOT devices. In the following sections, we summarize the key studies of SOT switching dynamics in spatial and time domain, and highlight their important findings.
A. Short pulse current injection
The early works [14] [15] [16] on the current induced magnetization switching using SOTs operated in the quasi-static regime where the applied current pulse duration was very long. In contrast, the magnetization dynamics operate in the order of a few ns and below. Therefore, the first step to study the SOT induced magnetization dynamics is to reduce the injected current pulse duration to 23 ns regime. In the studies of magnetic switching dynamics, the stochasticity of the switching process becomes highly relevant and hence the results are usually expressed in terms of switching probabilities. This is illustrated in Fig. 7(a) where the SOT switching probability is plotted as a function of pulse duration ( p  ) for different current magnitudes for a Pt (3 nm)/Co (0.6 nm)/AlOx nanodot 19 . Here, the switching probability was obtained by averaging the difference in the Hall resistance before and after an application of the pulse over 100 trials. It is observed that as the current magnitude increases, the pulse duration required to achieve 100% switching probability decreases. The authors subsequently extracted the critical switching current (IC -current required for 90% switching probability) for different pulse durations as shown in Fig. 7(b) . smaller than the values predicted from macrospin models (2.05 mA) 52, 134 . This suggests that the switching in ~90 nm Pt/Co nanodot proceeds via. domain nucleation and propagation further confirming the previous observations in the quasi-static experiments 16, 59 . Finally, the authors find that the incubation time 148, 149 of the SOT switching is negligibly small (~ 10 20 ± 2 s).
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In general, as the lateral dimensions of the device decrease, it is understood that the switching behavior transitions from the incoherent to coherent macrospin regime 16 . However, as illustrated in Fig. 7(b) , even for a lateral dimension of 90 nm, the SOT switching does not follow coherent single domain rotation. Thus, in order to elucidate the validity of the single domain picture, the device sizes need to be further shrunk. Subsequently, a later study 138 explored a device size dependence of SOT switching in Ta/Co18.75Fe56.25B25/MgO for different pulse durations in Fig. 7(c) . As the device diameter reduces from 80 to 30 nm, the critical current density for a given pulse duration increases, indicating a transition from an incoherent to coherent regime. This transition to a coherent regime is also evident in Fig. 7 (d) which shows the critical current density for 40 nm diameter nanodot for different pulse durations. It is observed that, for pulse durations < 10 ns, the critical current density only slightly increases as the pulse duration decreases as predicted by a macrospin-based model 134 , in contrast to 90 nm nanodot shown in Fig. 7 τ is also important for quantitative agreement. Furthermore, in an another short pulse switching measurement study 18 , it was found that the Oersted field from the NM channel can also play a significant role for SOT switching in a FM with IPA and can speed up the switching process.
B. Spatial and time resolved measurements
As discussed in the short pulse measurements above, for large magnetic structures, the SOT switching proceeds via. domain nucleation and propagation. This invalidity of macrospin approximation for large magnetic dots was also observed in a few quasi-static experiments.
Alternatively, micromagnetic simulations to explain microscopic details of the SOT switching process found the critical role of Dzyaloshinskii-Moriya interaction 150, 151 (DMI) in the switching process. The DMI field can result in stabilization of chiral Néel domain walls in the ultrathin magnet during the switching process and the role of the assistive magnetic field in deterministic switching was attributed to break the chirality enforced by DMI. This is illustrated in Fig. 8(a and it is observed the this effective field is in opposite directions on the either side of the reversed domain. As a result, the SOT will be effective in displacing the domain rather than expansion of the reversed domain. For the case in Fig. 8(b) , with an assistive magnetic field stronger than the internal DMI field, the center of the domain wall points in the direction of the assistive field. Thus, for a strong assistive magnetic field as shown in Fig. 8(b) , the HSH,z on all sides of the domain points to the same direction leading to the expansion of the reversed domain for switching.
While the above picture explains the domain expansion due to SOT during the switching process, the switching process can either be initiated from multiple random nucleation sites or from a single nucleation site at the edge of the device. To better understand the microscopic processes spatially resolved techniques included scanning magneto optic Kerr microscopy (MOKE) 69, 141, 152, 153 and X-ray magnetic circular dichroism 144 were employed. experiments. Furthermore, a recent size dependence study 154 of SOT switching in a W/CoFeB/MgO structure also finds that the nucleation in their study is random for larger device diameters, such as 700 nm and above. 
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C. Oscillatory switching behavior
In the previous sections, we discussed that FL τ plays a critical role in SOT switching dynamics in addition to DL τ . Recently, it was found that a strong FL τ can result in oscillatory behavior of incoherent SOT switching. 145, 146 Figure 9 (a) shows the switching probability in a Ta/Co40Fe40B20/MgO dot with a 1 m diameter under short pulse current injection 146 . In contrast to Fig. 7(a) , it is observed that in Fig. 9(a) , as the pulse duration increases, the switching probability oscillates between 0% (blue regions) and 100% (white regions) for a given current density. A similar reduction in the switching probability after 100% switching was observed using time resolved MOKE experiments 145, 147 in Ta/Co40Fe40B20/MgO as shown in Fig. 9 (b).
By performing micromagnetic simulations, the switching back phenomenon was identified to arise from domain wall reflections at the sample edges. This domain wall reflection is illustrated in Fig. 9 (c) and 9(d), which represent the magnetization configuration obtained for a pulse width of 1.7 ns and 1.8 ns, respectively, obtained from micromagnetic simulations. It is found that for a shorter pulse width, the magnetization switches from the initial red state to the blue state. For the case of larger pulse width domain walls are reflected and the magnetization switches back to initial red state. It was found that a strong FL τ plays a critical role in altering the domain wall dynamics to stabilize the reflected domain walls. Subsequently, the oscillatory switching behavior in Fig. 9(a) was also used to demonstrate a unipolar SOT switching scheme 146 which can be useful for applications to increase the scalability by replacing the driving transistors with diodes. 
IV. External field free SOT switching
As mentioned in Sec. I C, the deterministic magnetization switching in PMA structures using SOTs with in-plane spin polarization requires an external assist field to break the symmetry in the system. However, the incorporation of this assist field is not practical in real applications due to scalability reasons. The importance of this practical requirement to eliminate the external magnetic field was highlighted even in one of early works 14 of SOT switching, wherein the authors used the stray fields from the additional FMs deposited on the electrical contacts on the either side of the SOT device to achieve deterministic switching. While this proposed scheme is simple, depositing huge magnets on the either side of the device leads to scalability and uniformity issues.
Various different approaches, such as structural and stack engineering, exchange biasing of a FM, the use of ferroelectric substrates and the use of geometrical domain wall pinning, were attempted to realize the deterministic external field free switching feature within the SOT device itself. In this section, we review the different experimental studies that have demonstrated external field free SOT switching in PMA structures and discuss on their feasibility from the perspective of practical implementations.
A. Wedged structural engineering
The initial approaches to incorporate the deterministic SOT switching utilized wedging of the different stack components of the SOT device to break the symmetry in the system. Figure   10 (a) illustrates the growth and patterning of a wedged oxide structure in a Ta (5 nm)/CoFeB (1 nm)/TaOx stack 155 . Due to the wedge, the level of oxidation and thus the strength of PMA varies along the lateral direction (y-axis in Fig. 10(a) ) in the sample. Subsequently, the authors patterned a section of wedge into Hall bar devices as shown in Fig. 10(b) for electrical measurements. The authors find that in the devices with a lateral oxide gradient, apart from the conventional current which breaks the symmetry in system for the two magnetic states for a given current direction as shown in Fig. 10(c) . Furthermore, the strength and the sign of this It is noted that, in this study, the authors explained the role of FL z H predominantly in a macroscopic picture. However, as we discussed in section III, the SOT switching in such large structures proceeds via. domain nucleation and propagation and the role of external assist fields is to overcome the DMI field in the structure 59 . Consequently, in a later work 156 H . Furthermore, it is noted that the top oxide in these above works is TaOx that does not offer a high TMR ratio. To be incorporated into the SOT-MRAM scheme ( Fig. 1(c) ), the preferred top oxide is MgO. As a result, in a subsequent study 157 , the authors demonstrated the external field free SOT switching in a Ta (5 nm While these above works achieve the deterministic switching using the FL z H from lateral anisotropy gradient, Figure 10 (e) illustrates an alternative wedging technique to achieve external field SOT switching. 160 The anisotropy in the region covered by MgO is PMA, while the anisotropy in the wedge region is not PMA due to the absence of MgO. Due to the requirements of minimization of magnetostatic energy, the magnetization in the wedge region follows the edge of the wedge as shown in Fig. 10(e) , which results in a tilt in the easy axis of the nano-magnet as illustrated in Fig. 10(f) . Subsequently, the authors showed that this tilting of anisotropy is sufficient to achieve zero external field deterministic magnetic switching and supported their conclusions using micromagnetic simulations. It is noted that in contrast to earlier works, there is no generation of FL z H in this work and the switching was attributed to be driven by DL τ alone. Following this work, it was found that such a tilt in anisotropy could also be created based on the relative position of the substrate and sputtering target. 161 As a concluding remark, all these above techniques of engineering the magnetic anisotropy by creating wedged structures and growth techniques are interesting from the perspective of revealing rich physics of the symmetries in a magnetic system. However, the technique of wedging may be an obstacle for real device applications where wafer level homogeneity of magnetic and electrical properties is desired for mass production.
B. Exchange coupling based techniques
The second class of techniques to eliminate the requirement of external assist fields in SOT switching utilized the exchange bias or interlayer coupling by the use of an AFM and/or additional FM layers to incorporate the assist field within the SOT device itself. As shown in Fig. 11 , a variety of schemes were initially proposed to achieve deterministic field free SOT switching in PMA materials as well as to reveal the rich physics of antiferromagnetic SOT. In Figs. 11(a) and 11(b), the exchange bias fields arising from the AFMs, such as PtMn and IrMn, respectively adjacent to the FM, play the role of an assist field for SOT switching. Further, these AFMs themselves act as a source of SOT in both these cases. For the case of PtMn/[Co/Ni] structure 92 in Fig. 11(a) , it was also found that by engineering the exchange bias in the system, the stack can show a memristorlike behavior and thus find applications in neuromorphic computing. The authors also showed in a later study 162 that proper engineering of the stack structure, such as changing the seed layer below
PtMn from Pt to Ru, and inserting a thin Pt layer between Co/Ni and PtMn, can result in an enhanced PMA, enhanced exchange bias and reduced switching current density. In an another study 163 , a composite FM of CoFeB/Gd/CoFeB with a reduced MS was used along with PtMn to demonstrate field free SOT switching. For the case of the structure 164 shown in Fig. 11(b) , it was found that the bottom IPA CoFeB enhances the exchange coupling to achieve the complete field free switching. Furthermore, by performing various control experiments, the authors found that although IrMn serves as a SOT source the exact microscopic origins of SOT in IrMn in their system is not very clear and needs further exploration.
In the schemes shown in Figs. 11(c) and 11(d), the source of SOT arises from the bottom Pt layer. For the case in Fig. 11(c) , the top IrMn layer provides the exchange bias field that was used to achieve deterministic external field less switching 165 . However, it was found that for this stack, the switching is not complete and was attributed to arise from the polycrystalline grain nature of IrMn. This suggests that the local crystalline structure of the AFM is important for achieving complete SOT switching. A similar structure as Fig. 11 (c) with the Pd underlayer instead of Pt was studied, wherein IrMn acted as a source of exchange bias as well as SOT source. 166 For the case in Fig. 11(d) , the magnetic field for external field-less SOT switching arises from the interlayer exchange coupling (IEC) via. the Ru layer 167 . By performing a Ru thickness dependence, the authors find that for smaller Ru thicknesses, the IEC from the top CoFe is very strong and overwhelms the PMA of the bottom free CoFe layer. Hence, a relatively large Ru thickness of 2 nm (IEC is antiferromagnetic) and 2.5 nm (IEC is ferromagnetic) were used to demonstrate external field-free SOT switching while retaining PMA. In a recent work 168 , it was proposed that, by replacing the interlayer Ru with a material such as Ta with a weak IEC, the thickness of the interlayer can be reduced. In terms of integration into three terminal SOT memories (Fig. 1(c) a dipole coupling of the stray magnetic field from an in-plane FM could be also used to achieve an external field free SOT switching. It was proposed that, unlike the exchange biased schemes in
Figs. 11(a) and 11(b) which require the AFM to be next to the free layer, the dipole coupling scheme can be used in stack with a conventional p-MTJ underlayer, such as Ta, below the free FM layer. Furthermore, the dipole coupling scheme also effectively eliminates the tradeoff between PMA and exchange bias, with respect to annealing conditions. A comparison of different magnetic parameters for some of the above external field free switching schemes can be found in the work 170 .
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C. Electric field controlled SOT switching
So far, in the methods discussed to achieve the external field free switching, it is not possible to alter the direction of the effective magnetic field (wedged structured techniques) or there is a requirement of an external magnetic field cooling technique to change the direction of the effective magnetic field (AFM or exchange coupling technique). In a recent work 171 , a field free SOT switching scheme using a ferroelectric/ferromagnetic hybrid structure was demonstrated where the direction of the effective magnetic field for SOT switching can be programmed using electric means. As shown in Fig. 12(a) , Pt/Co/Ni/Co/Pt layers were deposited on a PMN-PT substrate and patterned for Hall bar measurements. A voltage VPMN-PT is applied to set the initial polarization of the ferroelectric substrate. As a result, a spin density gradient is generated when the current is injected into the channel of the SOT device resulting in a field free switching. As shown 
D. Out-of-plane spin polarization
The conventionally studied SOC effects generate in-plane polarized spins at the NM/FM interface when an in-plane charge current is injected. Very recently, research studies have attempted to generate an OOP spin polarization at the NM/FM interface using an in-plane charge current. In contrast to the case of the in-plane spins, the OOP spins can switch the magnetization of a FM without any assist field by exerting a SOT. For generation of this OOP spins, different approaches were followed, such as, the use of crystal symmetry 109 , use of a FM/NM bilayer [172] [173] [174] [175] as the spin current source, or even use a dual heavy metal bilayer 65 as the spin current source. Figure 13 shows the stack structures in which external field free switching was demonstrated using OOP spin generation. In Fig. 13(a) , the interface between a FM (NiFe or CoFeB) and Ti is used to generate the OOP spin polarization 175 . By performing the hysteresis loop measurements and numerical simulations, the authors identified there is indeed an OOP spin polarization in the stack.
In Fig. 13(b) , the interface between two heavy metals with opposite spin Hall angle is used to demonstrate zero external field SOT switching 65 . The authors find that under appropriate thickness of W and Pt, the competing spin currents generated from the two layers generate an OOP effective field, which can subsequently switch the CoFeB layer with PMA without any external assistive 41 magnetic field. The authors also note that the generation of this OOP field is beyond the current understanding of SOT and needs further exploration. In the stacks shown in Fig. 13 , the FM with PMA can be interfaced with an MgO barrier in a straightforward manner and thus pose lesser engineering challenges towards incorporation into three terminal magnetic memories. 
E. Geometrical domain-wall pinning
Very recently, a new concept of external field free spin-orbit torque switching was demonstrated using the SOT driven domain wall motion in combination with geometrical domain wall pinning. 176 It is well known that the SOT with in-plane spins can drive domain walls in a perpendicular FM without an external magnetic field, in contrast to the case of switching. By designing anti-notched structures on the either end of a magnetic wire (see Fig. 14(a) ), it was found that the SOT can move a domain wall back and forth in the wire by injecting currents of opposite polarities as illustrated in Fig. 14(b) . The anti-notched structures serve as geometrical pinning sites to contain a single domain wall within the strip to achieve successive switching capabilities. The magnetization state in the center on the wire serves as the memory state and can be readout using a MTJ as illustrated in Fig. 14(a) . 
V. Conclusions and outlooks
Spin-orbit torques have provided alternative and power efficient means to manipulate the magnetization compared to conventionally used spin transfer torques. As the read and write paths In Sec. III, we discussed about the spatial and time-resolved measurements, which revealed that SOT switching predominantly follows domain nucleation and expansion process. In addition to the damping-like torque, it was found that the field-like torque also plays a dominant role in SOT switching dynamics and can even cause a backward switching. Nevertheless, the incubation delay at the onset of the SOT switching process was measured to be negligible. In terms of switching studies, single shot electrical measurements of the SOT switching process are yet to be explored. The requirement of an external magnetic field to achieve deterministic switching harms the scalability of the SOT devices. As we discussed in Sec. IV, many techniques such as the wedged structuring, use of exchange and dipolar coupling, and use of ferroelectric substrates have been proposed to incorporate the assistive field within the SOT device itself. Recent studies have also attempted to generate an OOP spin polarization from in-plane currents or utilize geometrical domain wall pinning to achieve deterministic switching of a PMA magnet without an assist field.
This review serves as a brief summary focusing on the latest advancements in SOT researches. Apart from the SOT studies aiming to understand the underlying SOC physics, research is still required for tackling the engineering issues to implement SOT devices into practical applications. For example, more studies focusing on the reliability of the SOT devices and SOT switching error rates by performing endurance tests would be some important avenues from the perspective of the industry applications.
